Context: Primary ovarian insufficiency (POI) is caused by ovarian follicle depletion or follicle dysfunction, characterized by amenorrhea with elevated gonadotropin levels. The disorder presents as absence of normal progression of puberty.
P rimary ovarian insufficiency (POI) is a heterogeneous disorder caused by ovarian follicle dysfunction or depletion. POI results in the loss of ovarian function. Approximately 1% of women ,40 years of age are affected by POI (1, 2) , and in most cases, the etiology is unknown (3) . The disorder presents as delayed puberty and is characterized by elevated gonadotropin levels (4, 5) . The pathologic cascade might involve impaired ovarian formation, increased follicular atresia, impaired recruitment of dominant follicles, obstruction of follicular maturation, or rapid depletion of the follicular reserve (4, 5) . Furthermore, POI may be an element of syndromes, such as Perrault syndrome, or it may occur in isolation (nonsyndromic POI).
Mutations in GDF9, FIGLA, FSHR, NOBOX, NR5A1, NANOS3, STAG3, SYCE1, MCM8, MCM9, and HFM1 genes were found to cause POI with autosomal recessive or autosomal dominant inheritance modes (3) . Some of these genes (e.g., MCM8, MCM9) are involved in homologous recombination (HR) repair processes associated with POI (6) .
HR is a metabolic process during the first meiotic division, required for accurate chromosome segregation. HR is found in all forms of life and constitutes a key repair and tolerance pathway for complex DNA damage, including DNA gaps, DNA interstrand cross-links, and DNA double-strand breaks (DSBs) (7) .
In this study we found that a homozygous nonsense mutation in the SPIDR gene, encoding for a protein involved in homologous DNA repair, plays a role in an autosomal recessive POI in a consanguineous Israeli Muslim Arab family.
Materials and Methods

Clinical description of the subjects
Two daughters of consanguineous double first cousin parents of Arab ancestry were diagnosed with POI. The sisters, aged 12.6 years old (Fig. 1, p.1 ) and 14.8 years old (Fig. 1, p. 2) were admitted to the Pediatric Endocrine Clinic, Clalit Health Services, Sharon-Shomron District, Israel, because of the absence of normal progression of puberty.
Their mother, a healthy 42-year-old woman, reported menarche at 12.5 years old. The mother's hormonal profile was normal, obstetric history was uneventful, and menstruation was regular. The 48-year-old father had a previous operation because of pheochromocytoma but was healthy at the time of the sisters' diagnosis. Both parents were of normal height (156 and 170 cm, respectively). The sisters had a healthy brother (Fig. 1,  p. 3) who presented normal clinical and hormonal progression of puberty. At 14.6 years of age, he had normal stature, was Tanner stage 5 of puberty, and had normal gonadotropin and testosterone levels. There was no family history of infertility, early menopause, or hearing loss.
The older daughter was admitted to the clinic at the age of 14.8 years old with lack of normal progression of puberty. A physical examination demonstrated normal height (156 cm, 22nd percentile for age), body mass index at 90th percentile for age (68 kg), and normal upper/lower segment ratio. Tanner staging for breast development and for pubic hair was 4 and 2, respectively. Breast development started at 12 years of age, and pubic hair appeared at the age of 11.5 years. The patient's hearing was normal, and she had no dysmorphic features. Serum gonadotropin concentrations were high on 2 consecutive measurements, with follicle stimulating hormone levels of 59.8 and 63 IU/L (normal, 1.0 to 14.7 IU/L), luteinizing hormone measurements of 30.3 and 29.4 IU/L (normal, 1.0 to 14.7 IU/L), and E2 of 138 pmol/L (normal, follicular 9 to 175 pmol/L). Testosterone and adrenal androgens, adrenocorticotropic hormone (ACTH) stimulation test, and steroid metabolomics by gas chromatography/mass spectrometry were normal.
A small prepubertal uterus (1.9 3 1.1 3 4.3 cm) was observed using a transabdominal ultrasound; ovaries could not be visualized. Bone age was that of a 13-year-old girl. On reevaluation of ovarian function, the level of estradiol was 85 pmol/L and that of the anti-Müllerian hormone was undetectable (,0.13 ng/mL). Chromosomal analysis revealed a normal karyotype (46,XX), and FMR1 premutation testing was negative.
The younger daughter was admitted to the Pediatric Endocrine Clinic at 12.6 years of age because of her sister's history of gonadal insufficiency. After normal growth in early childhood, recent deceleration in growth was reported. At admission she was 142 cm tall (third percentile) and weighed 39 kg (26th percentile). Her physical examination revealed no abnormalities except for 2 abdominal café-au-lait spots. Tanner staging for breast development and pubic hair was 1. Hormonal testing showed high gonadotropin levels on 2 consecutive measurements: 102.2 and 85.8 IU/L for follicle stimulating hormone and 44.7 and 33.4 IU/L for luteinizing hormone. Serum E2 concentration was low (,70 pmol/L) and anti-Müllerian hormone was undetectable (,0.13 ng/mL). Testosterone, dehydroepiandrosterone, 17-OH progesterone, and androstenedione were normal. Additional testing included thyroid function tests, cortisol, and insulin-like growth factor 1 and insulin-like growth factor-binding protein levels, which were all normal. Bone age Increasing dosages (up to 1 mg) of estradiol hemihydrate were prescribed for both sisters and then replaced by estradiol hemihydrate/norethisterone acetate (Novofem ® Bagsvaerd, Denmark), which induced regular menstruation.
At follow-up at the age of 19.6 years, the older sister, without medical recommendation, had stopped her hormonal replacement therapy for 7 months. Her hormonal profile remained abnormal, and no menstruation occurred during this time. No ovaries were demonstrated in an abdominal sonography.
Exome analysis
Informed consent was obtained from the patients and their parents according to the local Helsinki Committee and the National Committee for Genetic Studies, Israel Ministry of Health. DNA samples were isolated from family members' blood samples using standard protocols.
Analysis was performed at the Pediatric Genetics Unit, Schneider Children's Medical Center of Israel, Petah Tikva, Israel.
Library preparation was carried out using the TruSeq DNA Library Prep Kit (Illumina, San Diego, CA) followed by exome enrichment with the TruSeq Exome Enrichment Kit (FC-930-10 12; Illumina). Sequencing was performed on an Illumina HiSeq2000 platform in Gene by Gene Laboratories (Houston, TX). The emedgene bioinformatics platform (Tel Aviv, Israel) was used to analyze and interpret the next-generation sequencing (NGS) data. The platform filters out errors and polymorphic variants and identifies candidate variants, which are compatible with a family disease inheritance mode having the relevant phenotypic association. Sanger sequencing on an ABI 3100 Sequencer (Applied Biosystems, Foster City, CA) (using the primers F: 5 0 -TGGCCTCTGGGAAGATAATG-3 0 and R: 5 0 -GCACAGATTGTGGTGATGTTTT-3 0 ) was used to validate the variant and to perform cosegregation studies.
Blood samples and cell culture
Peripheral blood lymphocytes (PBLs) were isolated from heparinized blood samples by Ficoll 400 (Amersham Biosciences, Piscataway, NJ) gradient centrifugation. Washing in phosphatebuffered saline removed thrombocytes. Cells were then resuspended in PB-MAXTM Karyotyping Medium (Gibco/Invitrogen, Carlsbad, CA) containing 2% phytohemagglutinin (PAA, Pasching, Germany) and cultivated for 72 hours at 37°C.
DSB repair analyses
DSB repair was analyzed using our enhanced green fluorescent protein (EGFP)-based test system, as previously described (8, 9) . In brief, DNA mixes containing a plasmid for the endonuclease I-SceI, 1 of the DSB repair substrates [ Fig. 2(A) ], and pBS filler plasmid (pBlueScriptII KS; Stratagene, Heidelberg, Germany) or wild-type EGFP expression plasmid (to determine transfection efficiency) were introduced by nucleofection according to the Amaxa protocol (Lonza, Cologne, Germany). Cells were then recultivated for 24 hours and harvested for fluorescence-activated cell sorting (FACS) analysis. Reconstitution of wild-type EGFP served as a measure of successful repair and was monitored via FACS analysis-based quantification of the fraction of green fluorescent cells. Live cells were gated in the side scatter/forward scatter dot plot, and green fluorescent cells were detected following laser excitation at 488 nm in the FL1/FL2 channels (FACS Calibur FACScan; BD, Heidelberg, Germany). Each quantification of green fluorescent cells in repair assays was normalized by using the individually determined transfection efficiency (20% to 30%) to calculate the DSB repair frequency.
Immunofluorescence microscopic analysis
PBLs were exposed to 2 Gy of ionizing radiation (IR) (Cs-137, GSR D1; Gamma-Service Medical GmbH, Leipzig, Germany) and harvested for the indicated time points posttreatment. They were then mounted on poly-L-lysine (SigmaAldrich, St. Louis, MO) slides and underwent cytospinning (Cytospin 3 Centrifuge; Shandon, Bohemia, NY) at 28 3 g for 5 minutes. Cells were then fixed immediately with 3.7% formaldehyde, underwent permeabilization with 0.5% Triton X-100, were washed, and underwent blocking with 5% goat serum (Invitrogen, Karlsruhe, Germany) in phosphate-buffered saline. The primary antibodies were polyclonal anti-53BP1 (NB100-304; Novus Biologicals, Littleton, CO) and anti-gH2AX (Ser139, clone JBW301; Millipore, Billerica, MA); secondary antibody was AlexaFluor555 labeled (Invitrogen). Nuclear counterstaining was performed with 4 0 ,6-diamidino-2-phenylindole; coverslips were mounted with VectaShield mounting media (Vector Laboratories, Burlingame, CA). Immunofluorescence was visualized with a BZ-9000 microscope (Keyence, Neu-Isenburg, Germany) and analyzed by BZ-II Analyzer software (Keyence).
Cellular sensitivity to poly ADP ribose polymerase inhibition and carboplatin
PBLs were treated 3 times over 7 days with various poly ADP ribose polymerase inhibitor 1,5-isoquinolinediol (IQD, Enzo Life Sciences, New York, NY) concentrations ranging from 1 mM to 2 mM. Sensitivity to carboplatin was examined after exposure to 0.125 mM to 2 mM carboplatin for 24 hours, followed by cultivation for 24 hours in fresh medium. Cell viability posttreatment was determined in duplicates using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay previously described (10) . Statistical significance was determined with the F test using Graphpad Prism 5.01 (GraphPad, San Diego, CA).
Results
The list of candidate genes focused on functional variants (e.g., missense, nonsense, frameshift, splicing), with a minor allele frequency ,1% in Europeans (based on the 1000 Genomes Project and ESP6500) and which are presumably deleterious. According to the hypothesis of a homozygous recessive mode of inheritance, we identified 9 homozygous variants in both affected individuals (Supplemental Table 2 ). We prioritized these genes based on their known functions and on the statistical properties of the genes (e.g., number of loss of function, conservations, residual variation intolerance score). Two variants were ruled out because of high residual variation To measure HR, we used substrate HR-EGFP/5 0 EGFP, consisting of a mutated acceptor EGFP gene, which lacks 4 bp of the EGFP gene at the position, where the I-SceI restriction sequence was inserted and a 3 0 truncated 5 0 EGFP, which serves as a donor sequence. DSB repair substrate HR-EGFP/3 0 EGFP was designed to measure homologous repair (i.e., mostly SSA under the assay conditions). The donor 3 0 EGFP gene variant was mutated at the start codon. For NHEJ evaluation, we used plasmid EJ5SceGFP with 2 tandem I-SceI cutting sequences encompassing a spacer sequence separating the transcriptional promoter from the EGFP coding sequence. I-SceI, is indicated by the triangle; cross, inactivating mutation/truncation; light gray bars, EGFP variant genes; gray stripes bars, spacer sequences; and gray dots bar with kinked arrow, transcriptional promoter. (B and C) DSB repair measurements. Percentages of EGFP-positive live cells were normalized to the individually determined transfection efficiencies for DSB repair frequency calculations. Mean values and standard error of the mean from 3 to 6 measurements are shown. Statistically significant differences were determined using the nonparametric Mann-Whitney U test for unpaired samples with GraphPad Prism 5.01 software. **P , 0.01. in the transcript NM_001080394.2, located in chromosome 8q (in chr8:g.48,320,485G.A, hg19) within a homozygotic chromosomal segment of 18mbp (chr8: g.39,370,135-57,353,826, hg19). This variant in a homozygous state was not observed in any of the controls of Muslim Arab individuals in our local database (n = 252). Moreover, this variant has never been reported in public cohorts, including the ExAC database (11) . The mutation was validated in all family members, with familial segregation compatible with an autosomal recessive mode of inheritance: the affected daughters were homozygotes, and the parents and the healthy brother were heterozygotes (Fig. 1) .
The stop-gain mutation found in SPIDR might lead to either nonsense-mediated decay of the mutated messenger RNA (NMD) or to the production of a truncated protein, in the middle of a domain that is necessary for interaction with RAD51 (UniProtKB: Q14159). The SPIDR coding region contains 2214 nucleotides (738 codons); the translated product of the mutated gene is predicted to be a shorter protein containing only 38% of the native one. Out of the 60,000 individuals comprising the ExAC database (11), not one had a homozygous predicted loss of function variant in the SPIDR gene. Considering the predicted impact of the SPIDR mutation and its gene function described herein, the other candidates found in the analysis were discarded as not likely to be responsible for the disease (12) (Supplemental Table 2 ). In addition, we found 72 functional rare heterozygous variants in 64 genes (annotation was performed using ANNOVAR; http://annovar.openbioinformatics. org/en/latest/); none was associated with POI (data not shown).
To evaluate whether DNA DSB repair activities are altered in mutation carriers, we applied an EGFP-based assay for the detection of specific DSB repair pathways in blood-derived cells (9, (13) (14) (15) . Given that SPIDR has been linked with HR (16), we first addressed this DSB repair pathway in fresh PBLs. In parallel, we tested singlestrand annealing (SSA) and nonhomologous end joining (NHEJ)-2 DSB repair pathways known to compensate for loss of HR function-in cells derived from BRCA1, BRCA2, and PALB2 mutation carriers (9, 13, 14) [ Fig.  2(A) ]. HR analysis revealed a 1.5-fold enhanced HR (P = 0.0931) in p.1 and a 2.1-fold statistically significant HR increase in p.2 (P = 0.0022) compared with the healthy sibling [ Fig. 2(B) ]. Using a reporter construct that under the transient assay conditions mostly detects SSA (13) or an NHEJ construct, a significant change was not observed (P $ 0.1000). Comparison of mean values for mutated (average from p.1 and p.2) vs wild-type (healthy sibling) status confirmed the HR increase in SPIDR mutation carriers (P = 0.0076) [ Fig. 2(C) ]. Percentages of living cells (side scatter/forward scatter gate in FACS dot plot) were comparable in the samples from the mutation carriers and the unaffected sibling, excluding a potential bias by differences in survival (data not shown). Moreover, each value for EGFP positivity in live cells was corrected for the individually determined transfection efficiency, further excluding indirect effects from transfection, growth, or expression.
To better understand potential effects of the SPIDR mutation on the DNA damage response in the chromatin context, we monitored the kinetics of focal accumulations (foci) of the DNA binding protein 53BP1 and the DNA damage marker gH2AX. One hour after IR treatment, 53BP1 foci were accumulated in PBLs from the 3 cell types, suggesting a comparable DSB formation (Fig. 3) . Six hours post-IR, that is after the early DSB repair phase mostly characterized by canonical NHEJ (17) , 53BP1 foci further accumulated in SPIDR-mutated PBLs, resulting in a statistically significant 53BP1 foci increase in both patients as compared with the unaffected sibling (an average increase of 1.5-fold, P , 0.0001). Interestingly, no consistent foci increase was observed when analyzing gH2AX foci at the critical time point, 6 hours post-IR. However, in both SPIDR mutation carrier samples, basal DNA damage levels, as indicated by gH2AX foci in untreated cells, were significantly elevated by an average of 2.8-fold (P , 0.0001). Taken together, these data suggest that the newly identified mutation altered SPIDR activities in HR, resulting in the accumulation of 53BP1-labeled DSBs post-IR and of gH2AX-labeled damage during unperturbed growth.
Discussion
Chromosomal abnormalities occurring during meiosis are a common cause of POI. DNA repair of these abnormities by HR is an essential process for normal ovarian development; mutations in genes involved in HR repair may lead to POI (3). SPIDR is involved in HR repair and is most highly expressed in the ovary (18) . SPIDR-depleted cells have higher rates of sister chromatid exchange, defects in HR, and higher levels of genome instability (16) . Mutations of other genes involved in HR repair and chromosomal instability during meiosis have been found previously to cause POI in humans. These include HFM1 (19), MCM8 (20), MCM9 (21), SYCE1 (22) , and STAG3, which are essential for pairing and segregation of chromosomes (23) .
The clinical phenotype of POI varies, even within a single family with the same mutation (22, (24) (25) (26) : it can present as delayed puberty, lack of normal progression of puberty, primary or secondary amenorrhea, and/or premature menopause. The patients in this study had the same mutation but differed in their clinical presentation. press.endocrine.org/journal/jcem
Genes that are involved in meiotic recombination disruption that results in female sterility have also been found in mice [e.g., Msh4 or Msh5 (27), Dmc1, Spo11 (28)].
SPIDR protein directly interacts with proteins that are involved in gonadal disorders, including FIGNL1 protein, which acts in the HR repair process (29) ; when impaired, FIGNL1 reduces testis weight in mice (30) . SPIDR also directly interacts with the BLM protein (16), which when mutated leads to Bloom syndrome, reducing female fertility (31) and decreasing the reproductive period. SPIDR, which promotes the formation of a BLM-/RAD51-containing complex (16) , is of particular interest because the POI genes MCM8 and MCM9 (20, 21) are related to RAD51 recruitment at DNA damage sites to facilitate HR (32) .
In PBLs from SPIDR mutation carriers, we observed aberrantly enhanced HR, which is compatible with elevated sister chromatid exchanges, normally suppressed by the SPIDR complex partner BLM (16) . Expression of a truncated SPIDR protein may differ from complete loss of SPIDR, which was reported to result in an HR decrease (16) . SPIDR was proposed to coordinate HR via N-terminal RAD51 binding, promoting RAD51 loading on resected DNA and via C-terminal BLM interactions, promoting resolution of crossover intermediates (16, 29) . The SPIDR mutation completely deleted the C-terminal BLM binding site and is compatible with a more prominent loss of BLM-mediated HR repression as compared with RAD51-dependent HR promoting functions. On the other hand, partial loss of the N-terminal RAD51 binding site may explain why 53BP1, but not gH2AX foci, accumulated in PBLs from mutation carriers post-IR. Although gH2AX foci are indiscriminately generated at DSBs, 53BP1 is known to form part of a DNA end-binding complex, antagonizing HR particularly in cases of an endogenous defect, thus indicating HR dysfunction in the SPIDR-mutated cells (33) . gH2AX was reported to reflect different types of DNA damage, including DNA replication blocking lesions, which can be resolved by HR mechanisms (34) . A rise of gH2AX, but not 53BP1 foci, during unperturbed growth of patient cells therefore likely reflects unresolved replication lesions. Our data suggest reduced HR functions, particularly at replication forks, and concomitantly compromised HR control mechanisms exerted by BLM.
Overall, the POI phenotype of SPIDR is supported by loss of function by this type of mutation (stop-gain), family segregation, expression in ovary, and most importantly, its involvement in HR repair.
In summary, 2 sisters affected with POI from a consanguineous Muslim Arab family were found to carry a homozygous nonsense mutation in the SPIDR gene, which is involved in homologous DNA repair. Based on these results, we conclude that SPIDR is important for ovarian function in humans and that biallelic mutation of SPIDR is associated with an autosomal recessive ovarian dysgenesis.
